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Abstract
Thymidylate synthase (TSase) is responsible for synthesizing the sole de novo source of dTMP in 
all organisms. TSase is a drug target and as such it is well studied both in terms of structure and 
reaction mechanism. Cysteine 146 in E. coli TSase is universally conserved because it serves as 
the nucleophile in the enzyme mechanism. Here we use the C146S mutation to probe the role of 
the sulfur atom in early events in the catalytic cycle beyond serving as the nucleophile. 
Surprisingly, the single atom substitution severely decreases substrate binding affinity, and the 
unfavorable ΔΔGbind° is comprised of roughly equal enthalpic and entropic components at 25 °C. 
Chemical shifts in the free and dUMP-bound states show the mutation causes perturbations 
throughout TSase, including regions important for complex stability, in agreement with a less 
favorable enthalpy change. We measured the NMR methyl symmetry axis order parameter (S2axis), 
a proxy for conformational entropy, for TSase at all vertices of the dUMP binding/C146S mutation 
thermodynamic cycle and found that the calculated TΔΔS°conf is of similar sign and magnitude as 
the calorimetric TΔΔS°. Further, we ascribed minor resonances in wild-type-dUMP spectra to a 
state with a covalent bond between the Sγ of C146 and C6 of dUMP, and find S2axis values are 
unaffected by covalent bond formation, indicating this reaction step is neutral with respect to ΔS
°conf. Lastly, the C146S mutation enabled us to measure cofactor analog binding by ITC without 
the confounding heat signature of covalent bond formation. Raltitrexed binds free and singly 
bound TSase with similar affinities, yet the two binding events have different enthalpy changes, 
providing further evidence of communication between the two active sites.
Introduction
Thymidylate synthase (TSase) catalyzes the conversion of dUMP to dTMP using the 
cofactor, 5,10-methylenetetrahydrofolate (CH2H4Fol), as both a methylene and hydride 
donor. Without TSase activity, cells are starved of one of the four DNA nucleotides and die a 
“thymineless death”. Thus TSase is an attractive target for drugs treating proliferative 
diseases. Indeed, for nearly 40 years, clinicians have prescribed thymidylate synthase 
inhibitors to combat an array of malignancies (1, 2). As a drug target and model system for 
understanding catalyzed hydride transfer, TSase has received significant attention from 
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investigators using steady-state kinetics (3), pre-steady state kinetics (4), kinetic isotope 
effect studies (4-8), QM-MM simulations (9-13), and x-ray crystallography (14) to 
understand inhibitor binding and the reaction mechanism. In addition, TSase is a homodimer 
and a half-the-sites reactive enzyme (15, 16), indicating that the two active sites 
communicate with each other and thus making the enzyme an excellent model system for 
probing allostery in homo-oligomeric proteins.
In the early stages of the reaction, TSase uses a universally conserved cysteine (C146 in E. 
coli TSase) as a nucleophile to attack the C-6 position of the substrate dUMP (17). Previous 
studies suggest the C146 side-chain function is limited to its role as a nucleophile based on 
the following: 1) Mutation of C146 to serine causes a severe (∼5,000-fold) reduction in kcat, 
but only modest increases in Km (∼2-fold) for both substrate and cofactor (18). 2) KD 
measurements show C146S appears to bind dUMP ∼2-fold more weakly than the wild-type 
(18). 3) The C146S mutation results in no change in TSase fluorescence spectra (19), 
protease susceptibility, or dimer stability (20), whereas other C146 substitutions (e.g. 
C146W) or mutations to nearby residues (e.g. H147) do manifest in changes to these 
parameters. However, the equilibrium binding studies found only one molecule of dUMP 
binds to each dimer of wild-type and C146S TSase (18), which is not in agreement with 
crystal structures of the wild-type-dUMP complex (21) or our rigorous ITC measurements 
of the wild-type-dUMP interaction (22), both showing unequivocally that the two active sites 
bind substrate.
Here we revisit the C146S mutation and exploit it as a useful reagent that allowed us to 
probe multiple aspects of TSase function. To resolve the discord in stoichiometry between 
our wild-type dUMP-binding ITC data and the previously published binding data on C146S, 
and to ask what role, if any, the sulfur atom plays in early events of the catalytic cycle 
beyond serving as the nucleophile, we used ITC to measure dUMP binding to the C146S 
mutant of E. coli TSase. We find a stoichiometry of two dUMP molecules per C146S dimer, 
which is in agreement with both wild-type crystal structures (21) and our wild-type binding 
data (22). However, this subtle, single atom mutant binds dUMP nearly 20-fold more weakly 
than the wild-type enzyme with the unfavorable ΔΔG°bind apportioned roughly evenly 
between enthalpic and entropic components. The geometry of the wild-type dUMP crystal 
structure indicates this binding defect does not result from loss of a hydrogen bond between 
C146 and dUMP. Rather, a comparison of backbone NMR chemical shifts between wild-
type and C146S TSase in the free and dUMP bound states shows the mutation results in 
wide-spread perturbation beyond the immediate vicinity of the substitution, including both 
phosphate binding loops and the dimer interface. Further, methyl symmetry axis NMR order 
parameters (S2axis), which have been shown to be a proxy for conformational entropy 
(23-26), indicate differences in S°conf in both the free and dUMP bound states of C146S 
TSase that account for the differences we observe in calorimetric entropies. In addition, 
because S146 is severely limited in its ability to form a covalent bond with substrate, we 
used the C146S mutation to deduce that weak resonances in wild-type-dUMP NMR spectra 
report on a minor state in which C146 is covalently bound to dUMP. S2axis values for the 
covalently bound state are indistinguishable from those in the non-covalent complex 
indicating that bond formation is neutral with respect to ΔS°conf. Lastly, we took advantage 
of the covalent bond defect of C146S to measure binding of the cofactor analog drug, 
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Raltitrexed, to the dUMP binary complex by ITC without the confounding heat signature of 
covalent bond formation. These data show that cofactor analog binds free and singly bound 
TSase-dUMP with minimal cooperativity. However, the active sites clearly communicate 
with each other based on differences in ΔH° for the two binding events. This observation is 
in accord with measurements of chemical shifts in singly bound states showing that binding 
in one active site is sensed by the other (22),53.
Experimental Procedures
Materials
The C146S TSase mutation was made using the QuikChange procedure. TSase for ITC 
experiments was expressed and purified as described (22). The multiple NMR approaches 
used herein required different isotopic labeling schemes; therefore details on sample growth 
and preparation will be described in the relevant NMR experimental sections. TSase 
concentration was determined using Σ280 = 103,820 L•mol−1•cm−1. dUMP (Σ262 = 9,660 
L•mol−1•cm−1) and 5F-dUMP (Σ262 = 9,660 L•mol−1•cm−1) were purchased from Sigma, 
CH2H4-Fol (Σ290 = 32,000 L•mol−1•cm−1) was from Merck and Cie (Switzerland), and 
Raltitrexed was from LKT laboratories. The concentration of Raltitrexed was determined 
using the PULCON (27) NMR approach using L-Tyr and L-Trp as concentration standards.
Isothermal titration calorimetry
ITC experiments to measure dUMP and Raltitrexed binding to C146S TSase were conducted 
on an Auto-iTC200 instrument. For dUMP binding, the enzyme concentration in the cell 
was 696 μM (dimer) and the dUMP concentration was 13.92 mM in the syringe. For 
Raltitrexed titrations into the C146S-dUMP complex, 50 μM C146S TSase (dimer) and 20 
mM dUMP were present in the cell, and 1 mM Raltitrexed plus 20 mM dUMP were in the 
syringe. Buffer conditions for all ITC experiments were 25 mM NaPO4, 1 mM EDTA, 
0.01% NaN3, 1 mM TCEP-HCl, pH 7.5. dUMP titrations were performed at 25 °C, and 
Raltitrexed titrations were performed at 5, 15, and 25 °C. Raw thermograms were integrated 
in Origin v. 7 to generate isotherms that were fit as previously described (22) using in-house 
MATLAB scripts. Briefly, our approach implements a general two-site model based on the 
binding polynomial (28) that includes cell concentration as a fitted parameter to allow for 
small errors in enzyme concentration and/or an active enzyme fraction of less than one.
NMR resonance assignments
Wild type TSase ILV methyl resonance assignment experiments were performed on a 500 
μM (dimer) sample of U-[2H, 13C, 15N] methyl protonated [Ile(13C, δ1only), 
Leu(13CH3,12CD3), Val(13CH3,12CD3)] labeled TSase in 99.8% D2O NMR buffer (150 mM 
NaCl, 25 mM NaPO4, 1 mM EDTA, 0.01% NaN3, pD 7.1). We were able to make most 
assignments using HMCM(CG)CBCA and HMCM(CGCBCA)CO experiments acquired on 
a 700 MHz Avance III spectrometer equipped with a TCI CryoProbe, using non-uniform 
sampling (NUS) acquisition strategy covering 45% and 35% of the F1F2 matrices 
respectively. Assignments were completed with the aid of a [13C–F1,13C–F2]-edited NOESY 
with a 70 ms mixing time acquired on a 500 μM (dimer) sample of U-[2H, 15N] methyl 
protonated [Ile(13C, δ1only), Leu(13CH3,13CH3), Val(13CH3,13CH3)] labeled TSase in 
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99.8% D2O NMR buffer. This dataset was also acquired at 700 MHz, using NUS covering 
45% of the F1F2 matrix. Methyl ILV resonances for the substrate-bound complex were made 
via a dUMP titration monitored by a 1H-13C HSQC and a [13C–F1,13C–F2]-edited NOESY 
as described above for the apo enzyme. To assign amide and ILV methyl assignments for 
free and dUMP-bound C146S, we made assignments based on nearest neighbors in wild-
type spectra. NMR spectra for resonance assignments, pH dependence, and spin relaxation 
were acquired at 25 °C, processed with nmrPipe (29), and peak picking and integration were 
done in NMRViewJ (30). The three dimensional resonance assignment spectra acquired with 
NUS were reconstructed using iterative soft thresholding (31).
NMR chemical shift perturbation and spin relaxation
Chemical shift perturbation (CSP) based on TROSY 1H-15N HSQCs was calculated by:
15N R2 relaxation rates were measured in the Hahn-echo mode for 500 μM (dimer) samples 
of U-[2H, 15N] free, dUMP-bound, and 5F-dUMP+CH2H4-Fol-bound TSase using the pulse 
sequence described by Bax and co-workers (32). Two “planes” were collected, one at 600 
MHz (Avance III, TCI CryoProbe) with a relaxation delays of zero and 15 ms, and the other 
at 850 MHz (Avance III, TCI CryoProbe), with relaxation delays of zero and 12 ms. R2 
values at each field were calculated at each field using  where T is the 
difference in relaxation times between the two planes (i.e. 15 ms at 600 MHz), and Io and I 
are the resonance intensities in the zero and T, planes respectively. Because Rex is 
proportional to the square of the magnetic field, residues with exchange were identified by 
taking the difference in R2 rates between the two fields. We then used boxplots to identify 
outliers with ΔR2 values greater than Q1 (quartile1) plus the Q3-Q1 interquartile range. This 
corresponds to values greater than or equal to two standard deviations from the mean.
To measure the tumbling times of the free and dUMP-bound TSase, we used TROSY 
versions of 15N R1, R1ρ, and {1H}-15N heteronuclear NOE pulse sequences (33) collected 
on 500 μM (dimer) samples of U-[2H, 15N] TSase at a single magnetic field (600 MHz, 
Avance III, TCI CryoProbe) as described (8). Global tumbling times of free and dUMP-
bound TSase were 32.3 and 31.5 ns/rad, respectively. The global tumbling time of C146S-
dUMP TSase was assumed to be the same its wild-type counterpart. This proved to be 
accurate given that the difference in methyl symmetry axis order parameters (S2axis, see 
below) between the wild-type and C146S complexes cluster around zero (Figure 5C). Due to 
limited sample, we used a less concentrated sample of free C146S TSase (370 μM) as 
compared to free wild-type TSase (500 μM). The lower viscosity of this more dilute sample 
required a 5% reduction in tumbling time (from 39.91 ns to 37.71 ns/rad in D2O) in order 
for the differences in order parameters to be clustered at zero (Figure 5B).
ILV methyl S2axis values were measured using the intra-methyl 1H-1H dipolar cross-
correlated spin relaxation approach of Kay and co-workers (34) on 500 μM (dimer) samples 
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of U-[2H, 15N] methyl protonated [Ile(13C, δ1only), Leu(13CH3,12CD3), Val(13CH3,12CD3)] 
labeled TSase in 99.8% D2O NMR buffer. To minimize the relaxation effects of nearby 
protons, the labeling scheme in which only one of the LV methyl groups is protonated was 
used, and experiments were performed in D2O buffer. To account for the increased viscosity 
in D2O buffer, global tumbling times measured in H2O (see above) were simply multiplied 
by the D20/H2O viscosity ratio of 1.235 (35). The time dependent build-up of triple quantum 
coherences (36) (Ib) and the bi-exponential decay of 1H magnetization (Ia) were measured in 
an interleaved manner at 850 MHz. Relaxation delays were: 0.3, 0.6, 0.8, 1.2, 1.6, 2.4, 3.2, 
4.0, and 5.6 ms, with underlined values acquired in duplicate for the purposes of error 
estimation. The cross relaxation rate, η, was determined by fitting the ratio of the intensities 
in the two experiments to the following:
where T is the relaxation delay, and δ is related to the relaxation contribution from 
external 1H spins (37). Errors in η were estimated using Monte Carlo methods bounded by 
noise in the intensity measurements as estimated from duplicate points. The relative error 
was then propagated to S2axis, which is calculated by:
where μo is the vacuum permittivity constant, P2(x) = 1/2(3x2 − 1), θaxis,HH is the angle 
between the methyl 3-fold axis and a vector connecting a pair of methyl 1H nuclei (90°)(37), 
γH is the gyromagnetic ratio of a proton spin, τc is the global tumbling time, and rHH is the 
distance between pairs of methyl protons (1.813 Å) (34, 38).
Calculation of ΔS°conf based on ΔS2axis using the entropy meter
We used the entropy meter calibrated (25) by Wand and co-workers to convert changes in 
S2axis to changes in S°conf. Briefly, ΔS°conf was calculated based on the following:
where T is the temperature in Kelvin, is the entropy meter slope (m=−0.0018 kcal−1 mol−1 
K−1 ΣNχ−1), Δ<S2axis> is the change in average methyl order parameters common to the 
end states in the ΔS°conf calculation, and ΣNχ is the sum of the methyl side-chain χ angles 
associated with the probes used in the Δ<S2axis> calculation. We estimated the uncertainty in 
ΔS°conf using Monte Carlo simulations bounded by the errors of the constituent values in the 
Δ<S2axis> calculation. We note that there is also uncertainty in the entropy meter itself as the 
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data points used to calibrate the meter are linear (25), but not perfectly so. The magnitude of 
this uncertainty is not explicitly stated in the entropy meter report, so we do not include it 
here. Nonetheless the precision of experimental S2axis measurements place high confidence 
in the <S2axis> associated with each of the states.
Results and Discussion
C146S mutation significantly weakens substrate binding
We used ITC to probe the effect of the C146S mutation on substrate binding in phosphate 
buffer at 25 °C. As with the wild-type interaction (22), the C146S ITC data were fit to a 
general two-site model based on the binding polynomial (28), modified to allow for a 
correction of enzyme concentration or active enzyme fraction (See Experimental 
Procedures). Substrate binds with similar affinities to both the free and singly bound forms 
of C146S TSase as evidenced by a cooperativity constant, ρ, very close to one (0.9 ± 0.1, 
Figure 1A inset and Table S1), which is similar to the wild-type interaction (22). Despite the 
lack of binding cooperativity, there is communication between the two sites because ΔH° 
and TΔS° are slightly different for the two binding events (Table S1). This is reminiscent of 
the wild-type enzyme-dUMP interaction(22), which also lacks binding cooperativity but 
possesses “silent allostery” (39) in the form of differences in ΔH° and TΔS°. Surprisingly, 
this subtle mutation results in a 1.7 kcal/mol (18-fold) penalty with respect to formation of 
the dUMP complex (Figure 1 and Table S1). The ΔΔG°bind is essentially split evenly 
between enthalpic and entropic components, with ΔΔH° accounting for 1 and 0.7 kcal/mol 
of the difference in binding to free and singly-bound forms, respectively. Similarly, TΔΔS° 
accounts for −0.7 and −1 kcal/mol (Figure 1B and Table S1) of the difference in the first and 
second binding events. The sulfur atom does pack against the dUMP sugar and base ring 
(Figure 1B, inset), which could provide some additional stability in the wild-type relative to 
the C146S complex. We point out that differences to direct contacts are likely limited to 
changes in London dispersion forces since it is clear from the x-ray model (pdbid 1BID) that 
the geometries of C146 and dUMP do not favor a SH-&pi; hydrogen bond (40).
Small population of Wild-type TSase-dUMP complex has covalent bond between C146 and 
substrate, but its disruption is not the source of the C146S binding defect
Given the evidence that TSase can form a covalent bond between the sulfur atom of C146 
and C6 of dUMP even in the absence of cofactor (41), and the bond cannot form in the 
C146S mutant, an important question is whether this defect is responsible for the apparent 
weaker binding affinity. To consider this, we turned to 1H-13C ILV methyl HSQC spectra of 
the wild-type dUMP-bound complex, in which we detect a minor state that is likely the 
covalent complex based on the following: 1) The minor resonances are not present in 
C146S-dUMP spectra and the single set of resonances in the mutant spectrum overlap with 
the major state in the wild-type spectrum (Figure 2A). 2) In wild-type dUMP NMR 
titrations, the free and bound major states are in fast exchange on the NMR timescale, while 
the free state and bound minor-state are in slow exchange, as is expected for a non-covalent 
complex with modest binding affinity (17 μM (22)) and a longer-lived, covalent complex, 
respectively. 3) The population of the minor state is significantly increased in the substrate 
analog 5F-dUMP complex (Figure 2A), in agreement with stabilization of the covalently 
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bound adduct by the strength of the C5-F bond and destabilization of the aromatic ring 
system by the electronegativity of fluorine. 4) The putative covalent complex resonances of 
the dUMP and 5F-dUMP complexes are close to each other, but the 5F-dUMP covalent 
peaks are always shifted further from their non-covalent pairs than is the case for the dUMP 
complex (Figure 2A), consistent with the relative strengths of the two covalent bonds. 
Collectively, these data provide strong evidence that the minor state observed in spectra of 
the wild-type-dUMP complex reflects a population with a covalent bond between C146@Sγ 
and dUMP@C6.
Having identified resonances associated with the covalently-bound nucleotide, we measured 
the fraction of this state based on resonance intensities in the wild-type spectrum (19%, see 
Figure 2A), which, together with the previously measured covalent bond breakage rate (H5 
exchange with solvent at similar pH and temperature with a rate of 0.01 min−1) (41), allows 
us to calculate the forward rate of covalent bond formation (0.0019 min−1), which is 
negligible over the course of the sixty minute ITC experiment. This conclusion is further 
supported by comparing the wild-type and C146S ITC thermograms for cofactor analog 
binding to the dUMP complex (Figure 2B), and for dUMP binding (Figure 2C). Cofactor 
and cofactor analog binding to the substrate complex is known to induce covalent bond 
formation between C146 and C6 of the nucleotide (42, 43) and we observe a slow 
exothermic event in wild-type ITC thermograms that is absent in C146S counterparts 
(Figure 2B). We therefore attribute this slow exothermic signal to covalent bond formation. 
By contrast, thermograms of wild-type and C146S dUMP binding are indistinguishable 
(Figure 2C), consistent with the assertion that covalent bond formation in the wild-type 
dUMP complex is not yet formed during our ITC experiments and thus is not the basis for 
the observed weaker binding.
C146 side-chain is likely predominantly protonated at neutral pH in free and dUMP-bound 
TSase
We also considered the possibility that if C146 is deprotonated, the C146S mutation could 
represent more than a single atom substitution as it would also remove a negative charge. 
Previous calculations have estimated the C146 side chain has a pKa of 6.7 in the closed 
ternary complex (10), but to our knowledge, this has not been confirmed experimentally and 
the protonation state of C146 in neither the free nor the nucleotide-bound states has been 
reported. Given that our ITC and NMR experiments were collected at pH 7.5, we looked for 
evidence of different titration behavior of apo TSase by examining a pH titration by 
TROSY 1H-15N HSQC spectra. Our range was limited to pH 6.5-pH 7.5 due to enzyme 
stability issues at the lower end of this range, and disruption of the dimer interface under 
basic conditions, but we would expect to see changes in the titrations if C146 has a pKa near 
6.7. Figure 3A shows the change in amide chemical shifts between pH 6.5 and pH 7.5 for 
the wild-type and C146S enzymes. From this plot it is clear that the mutation has little effect 
on the titration behavior as sensed by the available amide probes. Further, titration 
trajectories of the four residues closest to the site of mutation, D20, R127, A144, and R166 
are not affected (Figure 3B). Given that the C146 sulfur atom is less than 4 Å from the 
guanidinium group of R166 and this side-chain stabilizes the anionic form of the C146 side-
chain after concerted hydride transfer and C146-dUMP bond breakage (13), we would 
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expect the pH sensitivity of the R166 amide to be affected by a nearby charge change. We 
point out that it is not necessary to also look at differences in dUMP complex pH titrations 
because we have previously shown by ITC that dUMP binding is associated with minimal 
change in protonation state (loss of less than 0.1 proton per binding event) (22). Therefore 
dUMP binding does not cause any significant pKa shifts in the experimental pH range. 
However, we raise the caveat that these are indirect measurements. Ideally, we would 
measure the pH dependence of C146 chemical shifts directly, and look for changes of 
specific magnitude and direction (44) that would implicate titration of C146 itself. We are 
unfortunately limited to the approach described here because C146 resonances are 
broadened away in both the free and dUMP-bound forms (see below). Nonetheless, based on 
the available data we assert that the protonated form of the C146 side-chain predominates at 
pH 7.5 in free and dUMP-bound TSase, and therefore differences in binding (above), 
structure (below), and dynamics (below) are not due to a charge change.
Chemical shift changes reveal widespread effects of C146S mutation in free and substrate-
bound TSase
The sulfur atom of C146 packs against the dUMP base ring in wild-type complex x-ray 
model (Figure 1B, inset), which may contribute favorably to the binding free energy. 
However, it is unclear whether perturbation of this interaction is solely responsible for the 
observed thermodynamic differences reported above. Given the large and unexpected change 
in binding affinity, we turned to NMR to probe the range of the mutation's effect. Several 
lines of evidence show differences in the C146-containing active site loop among multiple 
states of the wild-type enzyme cycle, and these differences are not evident in the 
corresponding x-ray models. First, we were unable to locate resonances corresponding to 
C146-F149 in the free enzyme, and C146-H147 in the dUMP complex in TROSY triple 
resonance experiments, indicating chemical exchange broadening by motions on the μs-ms 
timescale. This conclusion is supported by Hahn-Echo R2 measurements (32), showing 
chemical exchange (Rex) in F150 in the free enzyme and F149-F150 in the dUMP complex; 
these residues flank the aforementioned “invisible” amino acids (Figure S1A&B). Chemical 
exchange of this region could be hinted at in the free enzyme by the x-ray model (pdbid 
2FTQ) in which the side chains of C146 and H147 have two conformations. The first 
conformation of C146 can be superimposed with C146 in the dUMP (21) and 5F-dUMP-
CH2H4-Fol (43) complexes, and places the side-chain near the guanidinium group of R166 
(Figure S1D). The second pose leaves the side chain more solvent exposed as it is rotated 
away from R166. The dUMP complex x-ray model shows the active site loop in a single 
conformation, so dUMP binding may lower the population of second conformations below 
the threshold required to visualize in electron density maps, or some dynamic process not 
detected by x-ray crystallography is responsible for the Rex observed in both the free and 
bound states. By contrast, we were able to visualize triple resonance spin-systems for the 
entire loop, including C146, in the closed ternary complex with the substrate analog, 5F-
dUMP, and the biological cofactor, CH2H4Fol (45). Hahn-Echo measurements on this 
complex are in agreement as we observe no Rex in the C146-loop (Figure S1C). Collectively, 
these data show that the C146 loop is switching between multiple conformations even in the 
presence of substrate. Cofactor binding, with its associated conformational change (14), is 
required to quench these motions. This picture is inconsistent with a single conformation in 
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which the C146 side-chain is anchored in place by the London dispersion forces depicted by 
the dUMP complex crystal structure (Figure 1B, inset).
Comparison of wild-type and C146S TROSY 1H-15N HSQCs of free and dUMP-bound 
TSase (Figure S2) shows the mutation causes extensive changes to the enzyme. In the free 
state, several sites important for dUMP complex formation are perturbed: Arg166, Asp169, 
His207, and Tyr209 all make contacts to dUMP (21) and show significant chemical shift 
perturbations (CSPs) due to C146S mutation (Figure 4A). These effects are not completely 
unexpected as the amides are relatively close to the mutation site, with Tyr209 being the 
most distal amide at ∼14 Å away (Figure 4A). While chemical shift perturbation generally 
dampens with distance, the effects of this substitution are felt throughout the free enzyme 
with significant changes observed at sites greater than 25 Å from residue 146 (Figure 
4A&B). The mutation is likewise “felt” in the dUMP complex. (Note wild-type and C146S-
dUMP complex comparisons are based on the major, non-covalent state (see above)). A 
similar pattern of distance-dependent dampening is observed in the complex in that there is 
widespread CSP at distal sites with effects reaching beyond 25 Å (Figure 4C&D). Further, 
the mutation perturbs several residues important for substrate binding in the dUMP complex. 
For example, the Arg21 and Arg126 loops provide the basic residues that contact the dUMP 
phosphate in the complex, and both of these loops are affected by the mutation in the 
dUMP-bound state (Figure 4C&D). This is also true of S167 and N177, which make 
hydrogen bonds to the dUMP phosphate and pyrimidine ring respectively (Figure 4C&D).
Given the observed differences in thermodynamics of binding, it is important to ask how the 
C146S mutation affects the change in chemical shift in going from the free to bound state. 
While we show above that the mutant free and bound forms are different from the wild-type 
counterparts, it is possible that parallel changes in the two end states could indicate 
similarity in the binding process. Figure 4E shows this is not the case. While there is 
generally a linear relationship between the wild-type and C146S dUMP binding CSPs, there 
are large and widespread deviations from the line of unit slope. Interestingly, there are 
outliers both above and below the line, but the residues showing the largest CSPs all 
experience a smaller change for the mutant binding process than for the wild-type (Figure 
4E). Several regions important for dUMP binding, including both phosphate binding loops, 
Y94, N177, and Y209 all have different changes in chemical shift upon dUMP binding 
(Figure 4E), indicating functional changes in the binding process. Lastly, it is noteworthy 
that the beta sheet comprising the dimer interface is also significantly affected, with the 
mutation causing both increases and decreases in CSP for dUMP binding (Figure 4F). These 
data are consistent with the hypothesis that the C146S mutation affects ΔH°bind by subtly 
rearranging hydrogen bond strengths at the interface and the strength of the interactions 
between the phosphate binding loops and dUMP. Taken together, the CSPs show this subtle 
mutation has widespread effects on the conformational ensembles of the free enzyme and 
the dUMP complex, which leads to changes in the process, and hence the thermodynamics 
of dUMP complex formation.
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Differences in conformational entropy partially underlie differences in substrate binding 
affinity
Weaker dUMP binding by the C146S mutant is the result of both less favorable enthalpy and 
entropy changes (Figure 1B) relative to the wild-type. Given that the mutation is essentially 
isosteric, changes in solvent entropy are not likely responsible for the modest change in TΔS
° of ∼ 1 kcal/mol per binding event (Figure 1B and Table S1). Instead, we focused our 
attention on the mutation's effect on conformational entropy, ΔS°conf. It has recently been 
shown that the methyl symmetry axis order parameter, S2axis, is an excellent proxy for 
conformational entropy (23, 25, 26, 46-48), so as a means to determine the mutational effect 
on ΔS°conf, we measured S2axis for ILV (Ile, Leu, and Val) methyl groups within the free and 
dUMP-bound states of wild-type and C146S TSase using the intra-methyl 1H-1H dipolar 
cross-correlated spin relaxation approach of Kay and co-workers (34).
Because the ps-ns dynamics of various states along the wild-type reaction coordinate have 
not yet been probed, we first determined the S2axis for the free and dUMP-bound wild-type 
enzyme (Table S2). As with effects of ligand binding in other systems (49-53), dUMP 
binding elicits a heterogeneous dynamic response, in that there are both decreases and 
increases in flexibility (Figure 5A, Figure S3). It is important to note that dUMP binds to an 
essentially pre-formed active site and binding is not accompanied by significant 
conformational change(14), indicating the following changes in S2axis and hence S°conf 
occur within a single conformational well. There are no methyl groups making direct contact 
with dUMP in the complex as L143@CD1 makes the closest approach to the ligand (4.6 Å). 
However, in general, the largest dynamic perturbations do tend to be close to dUMP and 
involve rigidification upon binding (Figure 5A, Figure S3), including L7, V11, L170, and 
L208. There are two probes in the C-terminus (V262 and I 264) and S2axis values of ∼0.1 in 
both the free and dUMP-bound point at significant flexibility on the ps-ns timescale 
consistent with an open conformation (Tables S2). However, the C-terminus is sensitive to 
binding as the probes exhibit small but significant decreases in flexibility upon complex 
formation (Figure S3). The unfavorable ΔS°conf associated with rigidification is partially 
offset by methyl groups that become more flexible upon binding (Figure 5A). I129 is 
noteworthy as it has the largest change in S2axis among probes in this class and it resides at 
the dimer interface (Figure S3). When thinking about this change, it is important to consider 
that the apo and dUMP states are symmetrical species with a single set of resonances 
(excluding the small fraction of covalently bound dUMP, see above), so we are measuring 
the change in S2axis associated with binding both dUMP molecules to a homodimer. In the 
case of I129, its methyl group is actually closer to dUMP in the opposite subunit, 
emphasizing that it is unclear to what extent the changes report upon effects associated with 
binding to the local subunit, the distal subunit, or both. We are currently using a mixed-
dimer strategy 53 to understand how single ligand binding affects dynamics in the both the 
local and distal subunits.
Due to the high sensitivity of these experiments, we were also able to obtain precise 
measurements of S2axis for the minor population of TSase covalently bound to dUMP. We 
unambiguously assigned and measured relaxation for 19 resonances in both the major and 
minor states, and surprisingly, none of these probes have significantly different dynamics in 
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the non-covalent and covalent complexes (Figure S4). This was unexpected given that we 
(54-60) and others (23, 47) have shown that S2axis is highly sensitive to even the most subtle 
of perturbations (e.g. even the C146S mutation, see below). To our knowledge, covalent 
bond formation with dUMP is a rare example of a perturbation that is silent at the level of 
S2axis. However, we point out that while this perturbation is sufficient to cause wide-spread 
chemical shift changes (Figure 2A), it is more subtle than a typical covalent bond since the 
TSase catalytic chemistry demands this covalent bond is weak (12, 13), which is supported 
by its low population (see above). Further, reversibility in the binary complex (41) and 
diffuse electron density in the ternary complex with 5F-dUMP and CH2H4-Fol (43) also 
support the idea of a metastable bond. Nonetheless, the data presented here show that 
formation of the catalytically relevant covalent bond in the binary complex is neutral with 
respect to S2axis and therefore ΔS°conf.
Next we measured the ILV methyl order parameters for free and dUMP-bound C146S 
TSase. Overall, when compared to dUMP binding (Figure 5A), the mutation has a smaller 
effect on S2axis in the free state (Figure 5B and Figure S5). There are significant changes 
throughout the molecule, which is consistent with the widespread effect of the mutation on 
chemical shift. While there are some probes that become more rigid in the free state, 
increased flexibility is the overall trend, with I129 showing a large decrease in S2axis relative 
to the wild-type (Figure S5). Interestingly, the direction and magnitude of this change are 
very similar to what is observed in wild-type enzyme upon dUMP binding (Figure S3). 
However, the mutation does not generally recapitulate the dynamic response of dUMP as 
several diagnostic probes change in opposite directions upon binding in the wild-type and 
mutation (e.g. L27, L170 in Figures S3 vs. S5). The C146S mutation generally results in 
rigidification in the dUMP complex, as compared to the wild-type counterpart, with the 
largest changes observed in I55, I112, V185, and V200 (Figure 5C and Figure S6).
By taking the average change in S2axis, (Δ<S2axis>) and scaling it by the number of side-
chain dihedral angles associated with the methyl probes (ΣNχ), we can use the entropy 
meter (See Experimental Procedures) to determine ΔS°conf for the legs of dUMP binding/
C146S mutation thermodynamic cycle and gain insight into how the mutation affects ΔS°conf 
for dUMP binding (Figure 5D). In the free state, the mutation results in a favorable ΔS°conf 
of 0.32 ± 0.03 kcal/mol at 298 K. However, the mutation has the opposite effect in the bound 
state with the mutation giving ΔS°conf of −0.71 ± 0.09 kcal/mol (Figure 5D). This gives a net 
TΔΔS°conf of −1.03 ± 0.09 kcal/mol (Figure 5D) for C146S-dUMP binding relative to the 
wild-type, which is on the order of what we observe for the change in calorimetric entropy 
(Figure 1B and Table S1). These results are therefore consistent with the assertion that 
changes in S°conf in both the free and dUMP-bound states underlie the observed differences 
in calorimetric entropy. We note that these calculations are for a single binding event and 
that we therefore implicitly assume that Δ<S2axis> is the same for dUMP binding to the free 
enzyme and the singly bound forms. We therefore use a single subunit to count Nχ and scale 
Δ<S2axis>. This is a reasonable approximation because the ΔS°bind for the two binding 
events (Table S1) are very similar at 298.15 K, which is the temperature used for the ITC 
and NMR comparisons. We are currently performing relaxation experiments using mixed 
TSase dimers with only a single binding competent active site to test this assumption. Lastly, 
we note that if the average change in order parameter is scaled according to the number of 
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probes in the dimer, we arrive at a total TΔΔS°conf of −2.08 ± 0.18 kcal/mol associated with 
binding both dUMP molecules. This agrees well with the sum of calorimetric TΔΔS° values 
for both binding events (−1.7 kcal/mol; see Figure 1B and Table S1).
Both subunits of C146S-substrate complex bind cofactor analogs with similar affinity
Previously we used NMR to show the 5F-dUMP-CH2H4-Fol “diligand” binds to free and 
singly bound TSase with similar affinities (22). The drawbacks to this approach are: 1) 5F-
dUMP makes a covalent bond with both TSase and CH2H4-Fol (hence the term “diligand”) 
rendering the interaction so tight that we could only measure the relative binding affinities of 
the two sites, and 2) The diligand probes a composite of both the substrate and cofactor 
binding steps, and we would gain more knowledge by isolating the two binding events. 
Unfortunately cofactor analog binding to the wild-type substrate complex is accompanied by 
covalent bond formation between C146 and the substrate (42, 43), and the heat of fusion 
confounds analysis of ITC thermograms (e.g. Figure 2B). ITC is by far our method of choice 
for measuring binding in multi-ligand systems because we can unambiguously measure 
thermodynamic parameters for discrete binding events, and the C146S mutant allows us to 
isolate the cofactor-analog binding step using ITC without the effects of covalent bond 
formation. While we show above that the mutation does affect substrate binding, it does not 
affect the structure of the closed, ternary complex (backbone RMSD = 0.129 Å between the 
wild-type diligand complex and the C146S product complex (61)), thus C146S is a useful 
tool to measure cofactor binding.
To probe the cofactor binding step, we injected cofactor analog (Raltitrexed) into the pre-
formed C146S-dUMP complex at 5, 15, and 25°C (Figure 6). Raltitrexed binds to the dUMP 
complex with a KD of ∼0.5 μM at 25 °C (Table S3), which is significantly tighter than 
dUMP binding (16 μM, Table S1). As with binding to substrate, cofactor analog binds to the 
free and singly bound dimers with similar affinity with ρ values hinting at slight negative 
cooperativity at 25 °C (ρ=0.5 ± 0.4, Table S3) or slight positive cooperativity at 5 °C (ρ=1.3 
± 0.3). It should be emphasized that a ρ value of 0.5 indicates a two-fold difference in 
binding affinities, so the magnitude of cooperativity is indeed small. In addition, ρ-value 
histograms of Monte Carlo simulations show that the noise in the data are generally 
consistent with 0.5 ≤ ρ ≤ 2.0 (Figure 6, insets). However, the binding sites are not equivalent 
as evidenced by the clear difference in ΔH° for the two binding events. The difference in ΔH
° is small (maximum of 0.6 kcal/mol, Table S3), but it is robust as the early slopes in the 
isotherms at 5 and 15 °C clearly show a mixture of multiple processes with different 
enthalpies (Figure 6). Now, it is clear that E. coli TSase is not significantly cooperative in 
either the substrate or cofactor binding steps. However, several lines of evidence show that 
the effects of substrate or cofactor binding are indeed communicated to the second subunit 
based on the following: 1) Changes in in enthalpy (and entropy) are not equivalent for the 
two binding events. 2) We observe quartets of resonances for a subset of amides at 
intermediate points in diligand NMR titrations (22, 62). Two of the resonances correspond to 
the free and doubly bound enzymes. The other two are attributable to the free and bound 
subunits of the singly bound state, indicating that binding of the first diligand binding event 
is communicated to the second subunit. 3) Studies in which we used mixed dimers to isolate 
the singly bound dUMP state and measure the chemical shifts of all microstates also show 
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crosstalk between binding and non-binding subunits (62). Thus the structure and/or 
dynamics of the second subunit are affected by binding the first dUMP, cofactor, or diligand 
molecules. We are currently performing experiments designed to understand the nature of 
this communication.
Conclusion
In this study we used the C146S mutation of E. coli TSase to probe the function of this 
catalytically critical amino acid beyond its role as the substrate attacking nucleophile. The 
mutant proved to be a valuable reagent that revealed a number of previously unknown 
aspects of TSase function. First, by comparing the pH dependence of wild-type and mutant 
NMR spectra, we are able to assert that the major form of the C146 side-chain is protonated 
in free and dUMP-bound TSase at neutral pH. In addition, the mutation was instrumental in 
allowing us to deduce that ∼20% of the wild-type TSase-dUMP complex contains a covalent 
bond between the C146 side-chain and C146, which is not seen in crystal structures. Further 
and surprisingly, this single atom substitution causes a 20-fold reduction in dUMP binding 
affinity, indicating the side-chain sulfur atom provides significant stability to the complex. 
The binding defect is composed of roughly equal enthalpic and entropic components. 
Chemical shift perturbations show wide-spread effects of the mutation in multiple regions 
important for dUMP binding with the most notable changes involving the Arg21 and Arg126 
phosphate binding loops, which may account for the less favorable enthalpy change. Thus, 
the C146 side-chain contacts the dUMP base, as is apparent in X-ray crystal structures, but 
these solution studies show the sulfur atom also influences the environment of multiple other 
key dUMP recognition elements. Further, by using an entropy meter, which converts 
changes in methyl symmetry axis NMR order parameters (S2axis) into conformation entropy, 
we show that the sign and magnitude of the calculated ΔΔS°conf (wild-type dUMP binding 
vs. C146S dUMP binding) are in agreement with the change in the overall calorimetric 
entropy. Taken together, the cysteine side chain plays several key roles in stabilizing the 
substrate complex, which is the first step in the reaction coordinate. We also highlight that 
this is the first report of the role of conformational entropy in the wild-type reaction 
coordinate, in which binding of each dUMP molecule is opposed by ∼1 kcal/mol of ΔS°conf. 
Lastly, we used the C146S mutation to measure cofactor analog, Raltitrexed, binding to the 
TSase-dUMP complex by ITC without the confounding heat signal associated with covalent 
bond formation. We show this analog binds to the free and singly bound subunits with very 
similar affinity (within two-fold), yet the ΔH (and ΔS) associated with the two binding 
events are different, which is consistent with the communication between binding sites 
observed previously by ITC and NMR.
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Figure 1. 
dUMP binding to wild-type and C146S TSase by ITC at 25 °C. Wild-type data were 
presented previously 22. (A) ITC isotherms for wild-type (black) and C146S (gray) binding 
to dUMP with fitted lines shown. Note the dimeric TSase concentrations in the cell were 206 
μM and 696 μM for wild-type and C146S TSase respectively. The inset shows the 
cooperativity factor, ρ, which is the ratio of the intrinsic association constants for binding to 
the free and singly bound enzymes. (B) ITC-derived thermodynamic parameters for the two 
dUMP binding events. Note the less favorable ΔG°bind is the net of less favorable enthalpic 
and entropic components. The inset shows the surfaces of dUMP and C146 from the wild-
type dUMP-complex x-ray model (pdbid 1BID).
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Figure 2. 
A fraction of the TSase-dUMP complex contains a covalent bond between C146@Sγ and 
dUMP@C6. (A) ILV methyl 1H-13C HSQC spectra of the wild-type dUMP complex 
(black), C146S-dUMP complex (red), and wild-type 5F-dUMP complex (blue). Expanded 
boxes contain resonances that report on a minor state with a covalent bond between C146 
and dUMP (see text). Note the minor state is more highly populated in the 5F-dUMP 
complex and absent in the C146S complex. Note also that the C146S-dUMP complex 
resonances overlay with the major state resonances of the wild-type-dUMP complex. (B) 
ITC thermograms for Raltitrexed binding to the wild-type and C146S-dUMP complexes in 
black and red respectively. The expanded region shows a slow exothermic component in the 
wild-type, but not the mutant thermogram, that is therefore likely to report on covalent bond 
formation. (C) ITC thermograms for wild-type and C146S dUMP binding are colored 
similarly to panel B. Expanded baseline shows ITC does not detect covalent bond formation 
in either of these titrations.
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Figure 3. 
pH dependence of free wild-type and C146S TSase amide chemical shifts. (A) Difference in 
apo enzyme chemical shift at two pH values (pH 7.5 vs. 6.5) for the wild-type and C146S 
apo enzymes in black and red respectively. The blue line plot with the right-hand y-axis 
shows the amide distance to the site of the mutation and the blue asterisk marks the spot of 
the C146S mutation. (B) Spectra for residues that have pH dependent behavior and are 
closest to the mutation site. Wild-type titration series is in gray to black and mutant in pink 
to red. These residues are marked with asterisks in Panel A.
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Figure 4. 
Effect of C146S mutation on free and dUMP-bound TSase from NMR amide chemical 
shifts. (A)Mutational CSPs (See Experimental Procedures) in the apo-enzyme are plotted vs 
the distance to the site of mutation. Residues important to dUMP binding and discussed in 
the text are highlighted in color. (B)CSPs from panel A are mapped onto the apo-enzyme 
structure with the site of mutation in yellow. (C) Mutational CSPs in the dUMP complex are 
plotted vs the distance to the site of mutation. Residues important to dUMP binding and 
discussed in the text are highlighted in color. (D) CSPs from panel D are mapped onto the 
dUMP-complex structure with the site of mutation and substrate highlighted. The CSP 
scales in Panels B&D are the same. The phosphate binding arginine loops are highlighted in 
this panel. (E) The CSPs for wild-type dUMP binding are plotted against the CSPs for 
C146S dUMP binding. Important residues having different CSPs associated with complex 
formation are highlighted in color. (F) The difference in CSP is mapped onto the dUMP 
complex structure. The model is annotated to show significant differences in the binding site 
and dimer interface.
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Figure 5. 
Change in methyl S2axis and conformational entropy for wild-type and C146S dUMP 
binding. (A) ILV methyl ΔS2axis for wild-type dUMP binding plotted as a function of 
distance from a pseudo atom placed at the average methyl proton position, and the nearest 
dUMP atom. Methyl groups becoming significantly more rigid upon binding are blue, 
methyl groups becoming significantly more flexible are red, and methyl groups with no 
significant change are black. Significance criterion is ΔS2axis must be greater than 2σ. 
ΔS2axis associated with the wild-type to C146S mutation in the free and dUMP-bound states 
are shown in Panels B and C, respectively. (D) The conformational entropy meter 
(Experimental Procedures) was used to convert ΔS2axis to ΔS°conf for the different legs of the 
thermodynamic cycle. The entropy meter shows that ΔS°conf for mutant binding is ∼ 1 
kcal/mol (298 K) less favorable than for the wild-type. The histograms for the vertical legs 
show this difference originates both from increased dynamics in the free state and decreased 
dynamics in the bound state. Histograms take into account noise in the S2axis measurements 
(See Experimental Procedures).
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Figure 6. 
Cofactor analog binding to the C146S-dUMP complex by ITC. Raltitrexed was titrated into 
the pre-formed nucleotide complex at 25 °C (Top), 15 °C (Middle), and 5 °C (Bottom). The 
inset histograms plot the cooperativity parameter, ρ, which is a ratio of the two intrinsic 
association constants for binding to the free and singly bound enzyme.
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